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Abstract
In this study, it was investigated how domain-specific (number sense) and domain-general (working memory, creativity) factors explain the
variance in mathematical abilities in primary school children. A total of 166 children aged 8 to 10 years old participated. Several tests to
measure math ability, mathematical creativity, number sense, verbal and visual spatial working memory and creativity were administered.
Data were analyzed with a series of correlation and regression analyses. Number sense, working memory and creativity were all found to
be important predictors of academic and creative mathematical ability. Furthermore, groups with math learning disabilities (MLD) and
mathematical giftedness (MG) were compared to a typically developing (TD) group. The results show that the MLD group scored lower on
number line estimation and visual spatial working memory than the TD group, while the MG group differed from the TD group on visual
spatial working memory and creativity. It is concluded that creativity plays a significant role in mathematics, above working memory and
number sense.
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Research on individual differences in the development of mathematical cognition has pointed to two main
underlying cognitive factors: number sense and working memory (e.g., Fuchs, Geary, Compton, Fuchs,
Hamlett, & Bryant, 2010; Geary, 2010). Number sense (NS) could be seen as the domain-specific precursor of
mathematics. Working memory is a domain-general predictor, not only in mathematical development but also in
other academic areas. Although several other cognitive factors have been related to math, such as processing
speed (e.g., Peterson et al., 2017; Willcutt et al., 2013), or phonological skills (e.g., Barnes et al., 2014; Slot,
Van Viersen, De Bree, & Kroesbergen, 2016), working memory and number sense together explain a
substantial part of the variance in mathematics (e.g., 48-50% in Kroesbergen & Van Dijk, 2015; 24-28% in Toll,
Kroesbergen, & Van Luit, 2016). These two factors are not only related to mathematics in typically developing
(TD) children, but they have also repeatedly been found to explain differences between children with
mathematical learning disabilities (MLD) and TD children (e.g., Geary, Hoard, Byrd-Craven, Nugent, & Numtee,
2007; Mazzocco, Feigenson, & Halberda, 2011; Mussolin, Mejias, & Noël, 2010; Piazza et al., 2010; Raghubar,
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Barnes, & Hecht, 2010; Schuchardt, Maehler, & Hasselhorn, 2008). However, from another body of research,
on mathematically gifted (MG) children, another domain-general factor appears that may influence mathematics
as well: Creativity (e.g., Leikin, Koichu, & Berman, 2009; Mann, 2006; Sriraman, 2005). However, studies
investigating the role of creativity in mathematics have taken neither working memory nor number sense into
account. The goal of the current study is to compare the role of working memory and number sense with that of
creativity in the mathematical abilities of both TD children as well as children with MLD and MG children in
fourth grade.
Number Sense
Number sense (NS) can be defined in very different ways, varying from more restricted definitions as the ability
to estimate and understand approximate magnitudes (cf. Mazzocco et al., 2011) to broader definitions that
include counting abilities and even basic math skills (cf. Jordan, Glutting, & Ramineni, 2010). The definition
used in this study is based on the triple-code model of Dehaene (1992). According to this model, number sense
is the ability to process numerical information in three different formats: a non-symbolic format (the analogue
code), a symbolic-verbal format (verbal code), or a symbolic-visual format (Arabic code). Adequate processing
of numbers is logically a basic skill to be able to manipulate numerical information in mathematical tasks.
However, the mapping between the non-symbolic and symbolic code seems most essential for further
mathematical development (Mazzocco et al., 2011). For example, Kolkman, Kroesbergen, and Leseman (2013)
found that mapping, as measured with comparison tasks and a numberline task, is the best predictor for math
skills in Grade 1. Sasanguie, Göbel, Moll, Smets, and Reynvoet (2013) found the same tasks to be the best
predictors of mathematics in 6-8 years old children. To understand mathematical tasks, it seems essential to be
able to link a numerical symbol to the according numerical meaning. A growing body of research has shown the
important predictive value of number sense for later math abilities in longitudinal studies (e.g. De Smedt,
Verschaffel, & Ghesquière, 2009; Friso-Van den Bos, Van Luit, et al., 2015; Fuchs, Geary, Compton, Fuchs,
Hamlett, Seethaler, et al., 2010; LeFevre et al., 2010; Kolkman et al., 2013).
The important role of number sense in mathematics is also shown by a large body of research that studied
children with MLD. Number sense deficits are found to be a main characteristic of children with serious
difficulties in mathematics (e.g., Mazzocco et al., 2011; Mussolin et al., 2010; Piazza et al., 2010). Geary et al.
(2007) made a distinction between children with serious problems or MLD (below 15th percentile) and low-
achievers (below 39th percentile). They found that the children with MLD had more serious problems with
number sense tasks than the low-achieving children. Following this viewpoint, it could be concluded that part of
the MLD children, the ones with the more serious problems, probably have number sense deficits, while the
math learning difficulties of the other children with learning difficulties could be attributed to other causes (such
as working memory). Other studies, however, found that children with deficits in number sense have
comparable math scores as children with deficits in working memory, but that children with deficits in both
number sense and working memory have the lowest math scores (Kroesbergen & Van Dijk, 2015; Toll et al.,
2016). This supports the view that number sense deficits can explain MLD, but that other factors are important
too.
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Working Memory
Many studies have shown that working memory is an important domain-general predictor of mathematical
performance (e.g., Fuchs, Geary, Compton, Fuchs, Hamlett, & Bryant, 2010; Passolunghi & Lanfranchi, 2012;
Raghubar et al., 2010; Van der Ven, Kroesbergen, Boom, & Leseman, 2012). Working memory, or the ability to
process and store information on a short term (Baddeley, 2003), is necessary in mathematics, because math
often involves storage and processing of numerical information at the same time (Van der Ven, Kroesbergen, et
al., 2012). During mathematical problem solving, working memory thus serves as a mental workspace for the –
numerical and verbal - information presented in a task, the numbers that have to be manipulated and retrieved
numerical facts and procedures. Several longitudinal studies have confirmed that working memory explains a
significant part of the variance in mathematics (see Raghubar et al., 2010, for an overview). Even a causal role
has been suggested by experimental studies in which children’s working memory skills were manipulated (e.g.,
Bergman-Nutley & Klingberg, 2014; Holmes & Gathercole, 2014; Kroesbergen, Van ’t Noordende, & Kolkman,
2014; Söderqvist & Bergman-Nutley, 2015), although the meta-analysis of Melby-Lervåg and Hulme (2013)
shows that there is no clear evidence of generalization of working memory training to math skills. It should be
noted that in the literature working memory sometimes refers to the entire processing and storage unit as
described by Baddeley and Hitch (1974), while other use it to refer only to the central executive, or even more
specifically to the executive function of updating (see also Friso-Van den Bos et al., 2013). In this article we
refer to the central executive component of the working memory model, which of course also relies on the slave
components and has elements of inhibition, shifting and updating in it.
A distinction can be made between verbal working memory and visual spatial working memory skills, for the
processing of verbal and visual spatial information respectively. Some authors have found that the visual spatial
working memory is most strongly related to mathematics (Schuchardt et al., 2008), while others show that
verbal working memory is more important (Friso-Van den Bos, Van der Ven, Kroesbergen, & Van Luit, 2013).
Two recent studies seem to suggest that during elementary school the role of visual spatial working memory
diminishes while the role of verbal working memory inclines (Van der Ven, Van der Maas, Straatemeier, &
Jansen, 2013; Van de Weijer-Bergsma, Kroesbergen, & Van Luit, 2015). Early mathematics, in which still many
visual materials and models are used, and which requires insight in representations of numerical information,
may rely more on visual spatial working memory, but when children grow older, start memorizing basic
mathematical knowledge and procedures, and problems are presented in verbal formats, the role of verbal
working memory may become more important.
The role of working memory in mathematics is also shown by studies investigating children with MLD. Many
studies have shown that children with MLD in general have lower working memory skills than TD children (e.g.,
Geary, Bailey, & Hoard, 2009; Geary et al., 2007; Raghubar et al., 2010; Schuchardt et al., 2008). It has also
been found that children with low working memory skills have low mathematical abilities (e.g., Alloway,
Gathercole, Kirkwood, & Elliott, 2008; Kroesbergen & Van Dijk, 2015). Especially visual spatial working memory
seems to be impaired in children with MLD (Ashkenazi, Rosenberg-Lee, Metcalfe, Swigart, & Menon, 2013;
Szucs, Devine, Soltesz, Nobes, & Gabriel, 2013). The study by Ashkenazi and colleagues (2013) showed that
MLD children do not use visual spatial working memory resources appropriately during arithmetic problem
solving. This is especially relevant because visual spatial working memory seems to be most involved in new
math tasks. Thus, limitations in visual spatial working memory may hinder further mathematical development.
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On the other hand, studies investigating working memory in gifted students, indeed found higher working
memory skills in this group (Dark & Benbow, 1991; Geake, 2009).
Creativity
How creativity comes into play in the process of mathematical development, is yet largely unknown. Creativity
can be defined as the production of novel and useful products (broadly interpreted) within a social context
(Plucker, Beghetto, & Dow, 2004). In education creativity is relative; a creation of a product (e.g. solution or
idea) is seen as creative when it is novel and useful for a specific student (Leikin, 2009). Creative skills are
thought to be beneficial for learning in general (Kaufman & Sternberg, 2010), and learning mathematics in
specific (Kattou, Kontoyianni, Pitta-Pantazi, & Christou, 2013), although conclusive evidence is lacking. At least
some degree of creativity is required when a child is faced with a problem for which he has no practiced or
learned solution (Leikin et al., 2009). Since solving problems is a major feature of mathematics, the role of
creativity in mathematics could not be denied. It should be noticed that many of the mathematical tasks children
are faced with in primary schools, cannot be qualified as problem solving, but rather as applying routine or
familiar procedures or even as giving the automatized answer (e.g. in learning multiplication tables). However,
previous research has shown that the phase of problem solving is also necessary in the process of learning
routine procedure or rote memorization, such as learning the multiplication facts (Van der Ven, Boom,
Kroesbergen, & Leseman, 2012), which suggests that creative children may also be better at acquiring basic
facts or procedures.
Hadamard (1996) argues that invention or discovery, takes place by combining ideas, whether it is in
mathematics or anywhere else. The invention or discovery of solutions for mathematical problems takes place
by combining ideas, or ideas and formerly learned knowledge or procedures. Creativity in mathematics thus
requires the activation of multiple ideas, and sources of information simultaneously, to think of alternative
solutions for mathematical problems. However, only few are useful, fruitful or exceptional. But one needs to
construct all possible combinations to find these (divergent thinking), and once having divergent ideas, one can
choose and elaborate the most promising one to get to the optimal solutions (convergent thinking; Hadamard,
1996; Koichu, Berman, & Moore, 2006). Experienced problem solvers show different phases in their solution
process (Carlson & Bloom, 2005), in which both divergent and convergent thinking play a role. Generally, the
focus in math education is on convergent thinking (giving the correct answer). However, excellent mathematics
learners are characterized by the understanding that more than one approach can lead to equivalent results
and the ability to solve problems in different ways, in order words, are characterized by mathematical creativity
(Leikin & Lev, 2007).
The question is what is necessary to become excellent in mathematics. Gifted children have been found to
differ from non-gifted children in the ability to find multiple solutions (Leikin & Lev, 2007). They also have on
average higher working memory capacity (Geake, 2009) than their non-gifted peers and are therefore
supposed to be more able to make combinations between pieces of knowledge and information and to consider
more outcomes concurrently. Fewer ideas have to be discounted from the outset in the decision-making
process, allowing higher activation of multiple ideas, and sources of information simultaneously, to think of
alternative solutions for mathematical problems. A plausible hypothesis is thus that creativity is a crucial factor
for excellence in mathematics, above working memory and domain-specific knowledge. Logically, this effect will
be larger in mathematical tasks that require at least a certain level of creativity, as in problem solving, than in,
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for example, speeded arithmetic tests. It should be noted that in creative thinking, domain general factors such
as working memory and executive functions are also needed (see Silvia, 2015 for a review). In studying
creativity, it is thus necessary to take domain general factors also into account.
The Current Study
The goal of the current study was to compare the role of creativity to that of working memory and number
sense in mathematical learning. It is the first study to combine these three predictors of mathematics into one
model. This makes it possible to study these predictors not only in relation to mathematics, but also to each
other. Specific attention is given to children with MLD and MG children, because the profiles of these groups
can inform us about what skills are necessary to become proficient or even excellent in mathematics. Three
research questions have been formulated:
1. How are different aspects of number sense and working memory related to mathematics in fourth graders?
This first question will be answered to investigate the specific contributions of number sense and working
memory to math in children from fourth grade. For number sense, both non-symbolic and symbolic tasks
will be used, and for working memory verbal and visual spatial tasks. It is expected that the symbolic
number sense skills are more strongly related to math than the non-symbolic number sense skills (cf. De
Smedt et al., 2009; Friso-Van den Bos, Van Luit, et al., 2015; Fuchs, Geary, Compton, Fuchs, Hamlett, &
Bryant, 2010; Kolkman et al., 2013; LeFevre et al., 2010). Furthermore, it is expected that verbal working
memory is more strongly related to math than visual spatial working memory, because of the age of the
children (cf. Van de Weijer-Bergsma, Kroesbergen, & Van Luit, 2015; Van der Ven et al., 2013).
2. Is creativity related to academic math tasks and to creative math tasks? The relations between a general
creativity task and two types of math tasks are investigated. The first task reflects the current mathematics
curriculum, the second task is designed to measure mathematical creativity, because it asks for multiple
solutions. Mathematical creativity requires both creative skills and mathematical skills and can be regarded
as a subcomponent of mathematics (Kattou et al., 2013; Schoevers, Kroesbergen, & Kattou, 2017). It is
expected that creativity is related to both math tasks, but the strongest to the mathematical creativity task
(cf. Leikin et al., 2009). Furthermore, it is expected that creativity explains variance in math performance,
above the variance explained by working memory and number sense.
3. What are the differences in number sense, working memory and creativity between students with
mathematical difficulties and typically and mathematically gifted students? To get more insight into the
predictors that may be responsible for mathematical difficulties on one hand and mathematical strengths on
the other, the weakest and highest performing children of the sample have been compared to the average
performing children. It is expected that children with MLD show deficiencies in number sense and visual
spatial working memory (cf. Kroesbergen & Van Dijk, 2015), and that the MG children are characterized by
high working memory, and creativity (cf. Leikin & Lev, 2007).
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Methods
Participants
Children were recruited from 11 schools in a large city in the middle of the Netherlands. All children from fourth
grade were asked to participate (N = 337). The parents of 270 children gave permission by active informed
consent. However, results only of the math test were available from 172 children. Children with other disabilities
than dyscalculia (e.g., attention deficits or dyslexia) were removed from the data (N = 6). This resulted in a
sample of 166 children, with a mean age of 9.66 years (SD = 0.58), and of which 79 were boys (47.59%).
Children who scored below the 20th percentile (score V) on the CITO math test, and had a history of low
performance in mathematics according to school data (>1 SD below the group mean) were categorized as
MLD. Children with a score above the 80th percentile (score I) and a history of high mathematical performance
(> 1 SD above the group mean) were categorized as MG. The remaining children were categorized as Typically
Developing (TD; see also Table 1).
Table 1
Descriptive Statistics of the Main Variables of the Study
Statistic TD MLD MG
N 130 16 20
% boys 47.70 25.00 65.00
M age (years) 9.64 9.89 9.50
SD age 0.62 0.62 0.43
Note. TD = Typically Developing; MLD = Math Learning Disabilities; MG = Mathematically Gifted.
Instruments
A series of tests was administered to measure students’ number sense, working memory, intelligence,
creativity, and mathematical ability.
Number Sense
A newly developed computer-based number sense test was used (Friso-Van den Bos, Schoevers, Slot, &
Kroesbergen, 2015), containing three different number sense tasks, that together adequately reflect the
different aspects of number sense, both symbolic and non-symbolic. These tests are based on Kolkman and
colleagues (2013) and Friso-Van den Bos, Kroesbergen, and Van Luit (2014). All three tasks were administered
on a laptop computer using E-prime 1.2 software (Schneider, Eschman, & Zuccolotto, 2002).
Symbolic comparison — In the symbolic comparison task, children were confronted with two numbers below
100 on the screen, and they have to respond which one is the largest number by pressing an ‘a’ for the left
number and an ‘l’ for the right number. Children were asked to respond as fast as possible. The largest number
was equally presented on the left and the right. The task started with a training block of 6 items, which were not
used in the scoring. After the training block 33 fixed items were randomly presented to the children. These
items differed in the degree of difficulty. The difficult items included two numbers that were close to each other
(ratio 0.88; e.g. 14 vs.16). Average and easy items consisted of numbers that had respectively a ratio of 0.75
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(e.g. 12 vs.16) and 0.625 (e.g. 10 vs.16). Both accuracy (percentage correct) and reaction time were scored.
The internal consistency of the task is high (α = .84; Kline, 1999).
Non-symbolic comparison — The non-symbolic comparison task is comparable to the symbolic comparison
task, with sets of dots instead of numbers. The amount of dots range from 1 – 100. Children were asked to
respond as fast as possible but accurately. The largest size of dots was equally presented on the left and the
right. The task started with a training block of 6 items, which were not used in the scoring. After the training
block 43 items were presented to the children in three different blocks. After each block (of respectively 14, 14
and 15 items) there was a short break. In each block the items were randomly presented. In all items the size
or the convex hull (i.e. the smallest measured surface in which the dots can fit) of the dots were manipulated. In
14 items the size of the dots and the convex hull of the dots were respectively incongruent and congruent with
the amount of dots. In another 14 items this was the other way around. Furthermore in 15 items the convex hull
stayed the same and only the size of the dots was manipulated (incongruent or congruent). The items within
each different manipulation also differed in difficulty. Three different ratios were used (0.625, 0.75 & 0.88). An
example of one item can be found in Figure 1. Both accuracy and reaction time were scored. The internal
consistency of the task is high (α = .93; Kline, 1999).
Figure 1. Item of the non-symbolic comparison task. The left group of dots has 16 dots. The right group of dots has 20 dots.
The convex hull of the right group of dots is incongruent with the number of dots, but congruent with regard to the size of
the dots.
Numberline task — The number line estimation task demanded children to place a lever on a number line
from 0 to 100 to position the digit that was presented. The test started with two training items in which the child
had to place 0 and 100 on the number line. After the training block, 30 test items were randomly presented to
the children. The proportion of explained variance (R2) was computed by fitting the answers of each child on a
linear curve (see also Kolkman et al., 2013). Internal consistency of the tests was high (α = .80; Kline, 1999).
Working Memory
Two online computerized working memory tasks were administered (Van de Weijer-Bergsma, Kroesbergen,
Jolani, & Van Luit, 2016), one for measuring visual spatial working memory and one for verbal working memory.
Visual spatial working memory — The Lion game is a visual spatial complex span task, in which children
have to search for colored lions (Van de Weijer-Bergsma, Kroesbergen, Prast, & Van Luit, 2015). Children were
presented with a 4 x 4 matrix containing 16 cells. In each trial, eight lions of different colors (red, blue, green,
yellow, purple) were consecutively presented at different locations in the matrix. Children had to remember the
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last location where a lion of a certain color had appeared and they had to use the mouse button to click on that
location after the sequence has ended. The task started with two practice trials in which they had to remember
the location of the last red and the last blue lion. Children received feedback on their performance after each
trial. After the trials, the assessment started which consisted of 20 items in five difficulty levels, in which working
memory load is increased by the number of colors that have to be remembered. At Level 1, children had to
remember the location of the last red lion. At Level 2, children had to remember the locations of the last red and
the last blue lion, and so on (Level 3: red, blue, and yellow; Level 4: red, blue, yellow, and green; Level 5: red,
blue, yellow, green, and purple). Items were constructed using randomization with regard to sequence of
location and color, with one constraint: items never end with a red lion, since the first response requires the
location of the last red lion. The proportion of items recalled in the correct location was used as a measure. The
Lion game has excellent internal consistency (Cronbach’s α between .86 and .90), satisfactory test-retest
reliability (ρ = .71), and good concurrent and predictive validity (Van de Weijer-Bergsma, Kroesbergen, & Van
Luit, 2015).
Verbal working memory — The Monkey game is a verbal span-backwards task, in which children have to
remember and recall different words backward. Children heard spoken one-syllable words and had to recall
them backwards, by clicking on the written words presented visually in a 3 x 3 matrix. Before the task started,
children were presented with four practice sets. In the first two practice sets, children were asked to recall two
words forwards. After those sets, children were informed about the backward recall procedure and were
presented with two more practice sets in a backward fashion. After each practice children received feedback on
their performance. After the training the assessment started, which consisted of 20 items in five difficulty levels
(ranging from two words in Level 1 to six words in Level 5) in which working memory load is manipulated by the
number of words children have to remember and recall backward. Levels were presented in increasing order.
The item sets within each level were constructed using randomization with regard to the sequence of words.
The proportion of items recalled in the correct location was used as measure. The Monkey game has excellent
internal consistency (Cronbach’s α between .78 and .89) and shows good concurrent and predictive validity
(Van de Weijer-Bergsma et al., 2016).
Creativity
The Test of Creative Thinking-Drawing Production (TCT-DP; Urban & Jellen, 1996) was used to measure
creativity. The TCT-DP form A was used and took 15 minutes. This test mirrors a holistic concept of creativity
(Urban, 2005). Students had to complete a drawing while using some given figural fragments. The TCT-DP was
scored according to the guidelines in the manual. Scores were obtained for 14 categories: ‘continuations’,
‘completions’, ‘new elements’, ‘connections made with a line’, ‘connections made to produce a theme’,
‘boundary breaking that is fragment dependent’, ‘boundary breaking that is fragment independent’, ‘humor and
affectivity’, four categories of ‘unconventionality’, and ‘time’. A total score (max. 72) was obtained by adding the
scores of the 14 categories, as recommended by Urban (2005). Two raters scored all tests, the intra-class
correlation of the total scores (ICC; two-way mixed consistency single-measures ICC) was high in this study (
α = .93; Hallgren, 2012).
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Mathematics
Two tests were used to measure mathematical achievement, a standard test that covers a broad range of
mathematical tasks and that is typical for current academic math tests, and a test that measures mathematical
creativity by requiring multiple solutions.
Academic mathematical achievement — Scores from the national Cito mathematics test (Janssen,
Scheltens, & Kraemer, 2007), developed by the national institute of educational testing, were used as a
measure for mathematical achievement. Different, age-appropriate, versions of the test are administered twice
a year by the teacher. The results of the test of middle grade 4 were used for this study. Furthermore, the
schools were asked to share the scores of the children from former grades. The test consists of primarily word
problems that cover a wide range of mathematics domains such arithmetical operations, geometry,
measurement, time, and proportions. Test scores are converted into normed ‘ability scores’, provided by the
publisher. The national mean ability score of Dutch fourth grade students is 86 (HCO, 2016). The Cito
mathematics test has been shown to be highly reliable; the reliability coefficients of different versions range
from .91 to .97 (Janssen, Verhelst, Engelen, & Scheltens, 2010).
Creative mathematical achievement — The Mathematical creativity test (MCT), developed by Kattou and
colleagues (2013) and translated by Schoevers and colleagues (2017), was used to measure mathematical
creativity. The MCT consists of five open-ended questions that could have multiple solutions. The maximum
administration time was 45 minutes. Students were required to provide multiple solutions, which were distinct
from each other and which were original. Scores were obtained for fluency, flexibility and originality for each
question. For the fluency score the number of correct solutions was counted, and divided by the maximum
number of correct mathematical solutions provided by one of the students from the sample. To calculate the
flexibility score, the number of different types or categories of correct solutions was counted per question and
divided by the maximum number of different types of solutions provided by a student in the sample of the study.
Originality was calculated by comparing a student’s solution with the solutions provided by all students who
participated in the study. The originality score, ranging between 0-1, was given for each question. The rarest
correct solution received the highest score: a student was given the score 1 for originality if one or more of
his/her answers appeared in less than 1% of the sample’s answers. A score of 0.8, 0.6, 0.4 or 0.2 was given if
the frequency of one of more of his/her answers appeared respectively in between 1% and 5%, 6% and 10%,
11% and 20%, and more than 20% of the sample’s answers. Fluency, flexibility and originality scores of each
question were added and in this way scores were obtained for the scale of fluency, flexibility and originality. The
internal consistency between the three scales was high in this study (α = .88; Kline, 1999). The fluency,
flexibility and originality scores were transformed to z-scores and averaged to get one measure of mathematical
creativity. Interrater reliability was calculated for the scales of fluency and flexibility and was based on a sample
of 10 tests scored by three raters. The interrater reliability was high for the scale of fluency (ICC = .96; Hallgren,
2012) and flexibility (κ = .96; Landis & Koch, 1977). The remaining tests were scored by one of these three
raters.
Intelligence
IQ was estimated based on two subtests of the ‘Nederlandse Intelligentietest voor Onderwijsniveau’ (Dutch
Intelligence test for Education level; Van Dijk & Tellegen, 2004), that measure verbal and visual spatial
reasoning. In the subtest ‘Categories’, children have to find a logical relation between sets of two words. The
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words can be identical, contrary, a sort of, a part from or a cause and meaning to each other. In the subtest
‘Foldouts’ children get a piece of paper with eight items. The items consist of one three-dimensional figure and
five two-dimensional foldouts. One of the five options can be fold in the three-dimensional figure. Children have
to choose which one is the right option. The reliabilities of these subtests are good (α = .82-.86; Van Dijk &
Tellegen, 2004). The standardizes scores of the two subtests were averaged, since the two subtests were
highly related (r = .73).
Procedure
Data were collected in the fall of 2015 by research assistants with at least a bachelor’s degree in Special
Education, supervised by the first author. Active informed consent was obtained from the parents of all children
involved. Information about students’ age and gender was provided by the teacher. The MCT and TCT-DP were
administered groupwise by two research assistants in a session of approximately one hour. The IQ tests were
administered groupwise in a second 30-minute session within one week of the first session. Testing was
standardized by means of elaborate written instruction for the testers. Instructions were read aloud. Additional
instruction was provided for individual students when needed. Students were not allowed to copy the work of
their fellow-students and to talk during test sessions. After the groupwise administration, children completed
respectively the Monkey and Lion Game and the Number Sense tests individually on a laptop computer,
supervised by one of the research assistants. The study was approved by the ethics committee of the faculty of
Social and Behavioural Sciences of Utrecht University (FETC14-005).
Data Analysis
The dataset was not complete. Especially in the computerized number sense tests, a relative large amount of
the data was missing (17%), mostly due to computer problems. There were also data missing in the creativity
test (9.6%), because it was impossible to score some tests. This was for example because children erased
many lines and it was difficult to see which ones were erased or not, or they used a very thick pencil, or had
very bad handwriting. Missing data were handled by using pairwise deletion. Pairwise deletion of the missing
data was not considered problematic since the data in this study were missing in a random pattern (Little’s
MCAR test (Little, 1988): χ2 (60) = 53.59, p = 0.71); pairwise deletion produces consistent estimates of the
parameters when data are missing completely at random (MCAR; Allison, 2009).
To examine the relations between mathematics, working memory, number sense, and creativity, Bayesian
correlation analyses were conducted, with the statistical package JASP (JASP Team, 2016). Bayesian model
selection, using the BIEMS software package (Mulder, Hoijtink, & De Leeuw, 2012), was used to compare
regression models and to confirm the differences between the MLD, TD, and MG group (for a detailed
introduction see Hoijtink, 2012). IQ was included in all analyses to control for possible general ability effects.
Bayesian model selection offers the possibility of using prior knowledge to formulate and evaluate informative
hypotheses and to compare competing hypotheses. In addition, this type of analysis enables the testing of
multiple hypotheses (as is the case in this study) without the loss of power (due to for example Bonferroni-type
corrections, as elaborated in Hoijtink, Klugkist, & Boelen, 2008; Van de Schoot et al., 2011), and is especially
suitable for small sample sizes, as it is not based on normality or asymptotic assumptions (Gill, 2008).
For each analysis, specific hypotheses were formulated and tested. Bayesian analyses involve the calculation
of the Bayes Factor (or BF) of an informative hypothesis versus the alternative hypothesis. The BF represents
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the amount of support from the data in favor of one hypothesis compared to another hypothesis. In addition to
the BF, posterior model probabilities (PMPs) can be computed, representing the relative support for a specific
hypothesis within a set of hypotheses. If the PMP of one hypothesis is larger than the PMP of the
unconstrained hypothesis, the constraints used to specify the hypothesis are supported by the data; and if the
PMP of a first hypothesis is larger than the PMP of a second hypothesis, the support in the data is larger for the
first than for the second hypothesis. Note that the sum of the PMPs for a set of competitive hypotheses is
always one. Moreover, in this type of analysis it is not necessary to provide additional estimates of effect size.
The effect size is incorporated into the BF in the sense that a larger effect size results in a larger BF
(Kluytmans, Van De Schoot, Mulder, & Hoijtink, 2012). Kass and Raftery (1995) provided more information
about cut-offs that help when interpreting generated BFs. A BF below 1 indicates that there is more support for
the alternative hypothesis, a BF between 1 and 3 represents a small effect in favor of the informative
hypothesis, between 3 and 10 means that there is substantial evidence supporting the informative hypothesis,
and above 10 indicates strong evidence.
Results
In Table 2 an overview is given of the mean scores with standard deviations and minima and maxima for the
tests used in this study.
Table 2
Descriptive Statistics of the Main Variables of the Study
Variable N M SD Range
IQ (averaged z-score) 166 0.00 0.80 -1.86 – 1.98
CITO Ability Score (0 - 150) 166 86.49 14.57 35 – 133
MCT (z-score) 162 0.00 0.91 -2.03 – 3.03
Numberline (linear fit 0.00 – 1.00) 138 .91 .10 .47 – .99
Comparison NS (% correct 0-1) 140 .63 .12 .14 – .81
Comparison NS (rt) 140 1.16 0.36 0.26 – 2.07
Comparison S (% correct 0-1) 139 .91 .08 .48 – 1.00
Comparison S (rt) 139 1.01 0.22 0.52 – 1.67
Visual spatial WM (proportion 0-1) 165 .72 .10 .36 – .94
Verbal WM (proportion 0-1) 165 .56 .08 .26 – .79
Creativity (raw score 0 - 72) 150 23.19 8.38 5 – 51
Note. NS = Nonsymbolic; rt = Reaction Time (in seconds); S = Symbolic; WM = Working Memory; prop = proportion score.
Table 3 shows the correlations between the numerical variables. It is noteworthy that the reaction time and
accuracy of both comparison tasks were positively related, children who used more time to answer, also
answered more items correctly. It is remarkable that the different number sense tasks are not strongly related.
Apparently, these tasks do tap different aspects of number sense. The numberline task showed the strongest
correlation with the math tasks. The symbolic comparison task also correlated with the math tasks, but only
reaction time and not accuracy. This may be explained by the small variation in accuracy (91.4% of the children
showed an accuracy rate of above 80%). A reverse pattern is visible for the non-symbolic task, in which
accuracy was related to math, but not reaction time, although these correlations were low (BFs of 2.22 for CITO
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and 1.56 for MCT). It was tested whether the symbolic tasks were more strongly related to the math task than
the nonsymbolic tasks (μNS < μS, μNL). There was little support for this hypothesis in the data regarding the MCT
(BF = 2.15, PMP = .68) and some support regarding the CITO (BF = 2.98, PMP = .75).
Table 3
Correlations Between Variables
Variable 1 2 3 4 5 6 7 8 9 10 11
1. IQ — .41*** .20* .17 .02 .02 -.28** .17 .19 .59*** .53**
2. Verbal WM — .49*** .01 .07 .02 -.10 .14 .15 .46*** .32***
3. Visual spatial WM — .01 .09 .13 -.09 .10 .20* .33*** .23**
4. Comparison NS ACC — .30*** .13 -.11 .21* .05 .19 .17
5. Comparison NS RT — .28*** .29*** .13 .08 .01 -.08
6. Comparison S ACC — .45*** .13 .04 .07 .02
7. Comparison S RT — .04 -.14 -.27** -.21*
8. Numberline — .02 .39*** .24**
9. Creativity — .29*** .28***
10. CITO — .69***
11. MCT —
Note. NS = Nonsymbolic; ACC = Accuracy; RT = Reaction Time; S = Symbolic; WM = Working Memory; MCT = Mathematical Creativity
Test.
*BF > 3. **BF > 10. ***BF > 30.
Table 3 also shows the correlations between math and working memory. There is some evidence that the
correlation between verbal working memory and academic math is higher than between visual spatial working
memory and math (BF = 1.61, PMP = .62), and little in the creative math test (BF = 1.29; PMP = .56). Working
memory is related to both math tasks, especially to the academic math tasks.
Creativity is also related to both math tasks, but there is no difference in strength between the two correlations.
The hypothesis that creativity is more strongly linked to the creative math task than to the academic math task,
was not confirmed when controlled for IQ (BF = 1.15, PMP = .13), because the hypothesis that the effects were
the same received much more support (BF = 6.80, PMP = .76). Neither working memory nor creativity was
related to any of the number sense tasks.
In a comparison of regression analyses (see Table 4), it was investigated whether creativity is a predictor of
mathematics in addition to working memory and number sense, when corrected for IQ. Three models were
compared, in the first model it was hypothesized that both working memory tasks were positively related to
mathematics, but not number sense and creativity, in the second model numberline and symbolic comparison
(which are most relevant, based on Table 3) were added, and in the third model creativity was added. The
model including creativity was found to fit the data best. Model 3 (including creativity) received twice as much
support from the data as Model 2 (without creativity), both for the academic and the creative math task. In Table
5 the estimations of the regression coefficients are given. The academic math task was – after controlling for IQ
– best predicted by verbal working memory and the numberline task. For the creative math task, verbal working
memory, the numberline task and the creativity task were the strongest predictors.
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Table 4
Bayesian Regression Models With IQ Included as Covariate
Model
CITO MCT
BF PMP BF PMP
Unconstrained model 1.00 .01 1.00 .04
Model 1 (WM) 3.52 .04 2.44 .10
Model 2 (WM+NS) 31.83 .33 6.77 .29
Model 3 (WM+NS+creativity) 58.96 .62 13.31 .57
Note. Bold values indicate BFs and PMPs of models that received most support from the data. WM = Working Memory; NS = Number
sense; MCT = Mathematical Creativity Test.
Table 5
Posterior Estimations of Regression Coefficients of Model 3
Predictor CITO MCT
Intelligencea .39 .42
Visual spatial WM .08 .05
Verbal WM .24 .11
Numberline .29 .15
Comparison .10 .04
Creativity .11 .15
Note. WM = Working Memory; MCT = Mathematical Creativity Test.
aVariable included as covariate in the model.
Finally, the differences between the three performance groups were tested (see Tables 6 and 7). For the
domain-specific variables (the number sense task) it was expected that the MLD group performs lower than the
TD group, and that the MG group would perform either higher or at the same level as the TD group. These
hypotheses were compared to a model with no differences between the groups and an unconstrained model. In
line with the low correlations between the nonsymbolic task and mathematics, group differences were found
neither on reaction time nor on accuracy of the nonsymbolic task. For the symbolic comparison group the
results are less straightforward, because Model 1 and 3 received the same amount of support regarding
accuracy, and regarding reaction time the unconstrained model received most support. Since the PMP’s for
both accuracy and reaction time are almost as high as the most favourite model, the conclusion can be drawn
that there are no relevant differences between the groups. The MLD group did score lower on the numberline
task than the TD and MG groups, but the MG group did not clearly differ from the TD group.
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Table 6
Means and Standard Deviations of the TD, MLD and MG Group
Variable
TD (N = 130) MLD (N = 16) MG (N = 20)
M SD M SD M SD
IQ 0.02 0.77 -0.65 0.42 0.69 0.75
CITO 85.64 11.01 67.19 12.38 107.40 10.34
MCT -0.11 0.78 -0.74 0.41 1.25 0.82
Numberline 0.91 0.09 0.80 0.15 0.94 0.07
Comp NS ACC 26.67 5.01 28.00 4.10 28.41 5.52
Comp NS RT 1.18 0.38 1.07 0.28 1.14 0.29
Comp S ACC 29.99 2.61 29.30 3.47 30.29 3.04
Comp S RT 1.03 0.22 0.97 0.23 0.92 0.20
Visual spatial WM 0.72 0.10 0.67* 0.09 0.75 0.08
Verbal WM 0.56 0.08 0.53 0.09 0.58 0.08
Creativity 22.94 8.49 20.14 6.51 27.75 7.54
Note. NS = Nonsymbolic; ACC = Accuracy; RT = Reaction Time; S = Symbolic; WM = Working Memory; MCT = Mathematical Creativity
Test.
Table 7
Comparison of Groups on Domain-Specific Variables, Corrected for IQ
Variable
Model 0 Model 1 Model 2 Model 3
μTD, μMLD, μMG μTD = μMLD = μMG μMLD < μTD < μMG μMLD < μTD = μMG
BF PMP BF PMP BF PMP BF PMP
Comp NS ACC 1 .22 2.39 .54 0.49 .11 0.58 .13
Comp NS RT 1 .12 3.69 .48 1.14 .14 2.11 .26
Comp S ACC 1 .08 3.99 .34 3.07 .26 3.79 .32
Comp S RT 1 .44 0.89 .39 0.23 .10 0.16 .07
Numberline 1 .10 0.04 .00 4.47 .44 4.56 .45
Note. Bold values indicate BFs and PMPs of models that received most support from the data. NS = Nonsymbolic; ACC = Accuracy; RT =
Reaction Time; S = Symbolic.
For the domain general variables, the hypothesis that the MLD group scored below the TD group and the MG
group above the TD group was compared to a model in which no differences between the group exist and an
unconstrained model (see Table 8). This hypothesis was confirmed for visual spatial memory. The MLD group
scored lower than the TD group and the MG group scored higher on this task. However, for verbal working
memory this hypothesis was not confirmed, Model 1 received most support from the data. An extra analysis
showed that without a correction for IQ, Model 2 did get most support, but when correcting for IQ, no group
differences were found (most support for Model 1).
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Table 8
Comparison of Groups on Domain-General Variables, Corrected for IQ
Variable
Model 0 Model 1 Model 2 Model 3
μTD, μMLD, μMG μTD = μMLD = μMG μMLD < μTD < μMG μMLD = μtd < μMG
BF PMP BF PMP BF PMP BF PMP
IQ 1 .14 0.00 .00 5.92 .86
MCTa 1 .14 0.00 .00 6.03 .86
CITOa 1 .15 0.00 .00 5.51 .85
Visual spatial WMa 1 .14 2.02 .29 4.02 .57
Verbal WMa 1 .10 7.11 .74 1.49 .15
Creativitya 1 .09 1.80 .16 3.77 .33 4.73 .42
Note. Bold values indicate BFs and PMPs of models that received most support from the data. MCT = Mathematical Creativity Test; WM =
Working Memory.
aControlled for IQ.
For creativity, an extra hypothesis was tested, that the MLD group does not differ from the TD group, but that
the MG group outperforms both other groups. Model 3, no differences between the MLD and TD group, but
higher scores in the MG group, received most support from the data.
Discussion
In this study, the role of domain-specific (number sense) and domain-general (working memory and creativity)
factors in academic and creative mathematics ability of primary school children was investigated. First it was
investigated how different aspects of number sense and working memory are related to mathematical ability in
fourth graders. The results confirmed our hypothesis that all three number sense tasks were related to
mathematics (cf. De Smedt et al., 2009; Friso-Van den Bos, Van Luit, et al., 2015; Fuchs, Geary, Compton,
Fuchs, Hamlett, & Bryant, 2010; LeFevre et al., 2010; Kolkman et al., 2013). Especially the numberline task
(R2) and the symbolic comparison task (reaction time) were found to be good predictors of mathematical skills,
even in fourth grade students. Furthermore, we found both verbal and visual spatial working memory to be
predictors of math ability, with verbal working memory the strongest predictor, as expected at this age at which
children start memorizing basic mathematical knowledge and procedures and because the problems in the
tests were presented in a verbal format (cf. Van de Weijer-Bergsma, Kroesbergen, & Van Luit, 2015; Van der
Ven et al., 2013). These results confirm earlier research that both number sense and working memory are
important in learning mathematics (cf. Kroesbergen & Van Dijk, 2015; Toll et al., 2016). Of course, there are
other domain general factors that influence mathematics, such as processing speed (e.g., Peterson et al.,
2017; Willcutt et al., 2013), phonological skills (e.g., Barnes et al., 2014; Slot, Van Viersen, De Bree, &
Kroesbergen, 2016), or other executive functions as inhibition and shifting (Friso-Van den Bos et al., 2013; Van
der Ven, Kroesbergen, et al., 2012). It is not yet clear how these variables are related to creativity, and further
research could take these into account to get a more comprehensive understanding of the underlying factors of
mathematics.
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The focus of our study, however, was on the specific role that creativity has in mathematics, because this has
not been studied before in relation to other cognitive predictors of mathematics. It was investigated how
creativity was related to academic math tasks and to creative math tasks. Creativity showed a medium
correlation to both math tasks. Even when corrected for intelligence, creativity was not more strongly related to
the creative math tasks than to the academic math task. In this study, intelligence was estimated based on two
subtests of a groupwise administered intelligence test, to control for a domain general effect underlying both
creativity and mathematics. Intelligence was indeed found to be the strongest predictor of mathematics. The
relation between intelligence and creativity, however, was relatively low in this study. Although it was
comparable to correlations found in other studies (see Kim, 2008 for a meta-analysis), it was lower than in
some recent studies that used broader measures of both intelligence and creativity (e.g. Benedek, Franz,
Heene, & Neubauer, 2012; Silvia, 2008). More research is needed to investigate the possible dependency
between creativity and intelligence, and how this may influence mathematics. A closer look at different aspects
of intelligence and the use of individually administered tests are recommended.
Furthermore, it was found that a regression analysis including creativity better fits the data than a regression
with only IQ, working memory and number sense included. These results confirm our hypothesis that creativity
is an important domain-general factor in mathematics that deserves more attention in education (Kattou et al.,
2013; Schoevers et al., 2017). In future research, this relation should receive more attention. Although we did
not find differences in relations between the creative and the academic math test, we do think further research
is necessary. The academic math test seems to rely more on memorized knowledge and procedures and less
on creative problem solving than the creative math test, but still significant relations with creativity were found.
For future research it would therefore be interesting to include pure measures of memorized math knowledge,
to test whether creativity is indeed more weakly related (or not at all) to such a test. Accordingly, other types of
creative math tests could also be used in future research. The creative math test used in this study required
creative thinking based on knowledge of arithmetical operations and number relations which were possessed
by most students (Schoevers et al., 2017). More difficult creative math questions might lead to larger role of
creativity in creative math tasks than in academic math tasks.
Another aspect that should be taken into account is that we have used one single measure of creativity. Since
creativity is a complex, multidimensional construct (Cropley, 2010), it is advised to take a broader set of
measures into account. The test that is used in this study, is based on a holistic view on creativity. Still, the
parallels between task requirements in the creativity test and problem solving are evident: Children who use
many elements or add new elements, who make many connections between elements and make
unconventional combinations, score highest on the creativity test. In mathematical problem solving, the
discovery of solutions takes also place by the activation of multiple sources of information and new ideas, and
by making new and unconventional combination between those ideas (Hadamard, 1996; Koichu et al., 2006).
So, although the creativity and the mathematical tasks differ in task format regarding output (drawing versus
mathematical reasoning), the same underlying construct of creativity seems to play a role. However, it should
be noted that the results of this study only show that creativity and math are related, but interpretations of the
underlying cognitive processes are not possible. For example, some have argued that the differences between
intelligence and creativity may be smaller than often thought, and that creativity relies so much on executive
processes, that it is questionable whether it should be regarded a separate ability (Silvia, 2015). Future studies
with experimental designs and the use of online measures such as eye tracking or EEG could give more insight
in the exact role of creativity in learning mathematics.
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Thirdly, we have investigated differences between MLD, MG, and TD children on number sense, working
memory and creativity. Our hypothesis that children with MLD have deficits in visual spatial working memory
and number sense was confirmed (cf. Ashkenazi et al., 2013; Geary et al., 2007; Kroesbergen & Van Dijk,
2015). Although, in general, verbal working memory was found to be as important as visual working memory in
fourth graders, the difference between MLD and TD children is especially visible in visual working memory,
which is in accordance with former literature (Ashkenazi et al., 2013; Szucs et al., 2013). This finding may be
explained by the same mechanism that explains why visual working memory is more important in elementary
math, while verbal working memory is more involved in later math (Van der Ven et al., 2013; Van de Weijer-
Bergsma, Kroesbergen, & Van Luit, 2015): Children with MLD have difficulties with automatizing facts and
procedures (e.g., Andersson, 2008; Geary et al., 2012), which leads to math problems being relatively ‘new’ for
them, because they can’t rely on memorized facts and procedures. Visual spatial working memory seems to be
more involved in new problems, and thus in the problem solving of children with MLD. Another explanation is
that verbal working memory is more related to IQ, and by controlling for IQ, the differences between the groups
disappeared.
Furthermore, children with MLD were not found to differ from TD children in creativity. An interesting finding
from this study is that MG children did not significantly differ from TD children in number sense, but that they
did differ in visual spatial working memory and creativity. It seems that a certain level of number sense is
needed to perform well in mathematics, but that above this threshold other factors, such as creativity, come into
play. It should be noted of course that the sample size in this study was relatively small, which make
generalizations difficult. It is advised to further investigate the differences between MG and TD children with
larger samples. Furthermore, both creativity and mathematical ability may be influenced by group factors.
When this study is replicated, larger samples would also make multilevel analyses possible. Another factor that
should be taken into account is that this study does not tell us how we should interpret the directions of the
relation between creativity and mathematics. Based on literature, we assume that creativity supports
mathematical thinking and problem solving during mathematical tasks, but the experience with mathematical
problem solving also might influence children’s creative skills, and other factors may also have a mediating or
moderating role in these relations. This is one of the first studies that examined relations between creativity and
mathematics in relation to working memory and number sense, but further research is necessary to give insight
in the direction of these relations.
To conclude, symbolic number sense, working memory and creativity are all related to academic and creative
mathematical ability. Furthermore, groups with math learning disabilities (MLD) and mathematical giftedness
(MG) were compared to a typically developing (TD) group. The results show that the MLD group scores
significantly lower on number line estimation and visual spatial working memory than the TD group, while the
differences between the MG group and the TD group were found in visual spatial working memory and
creativity. It is concluded that visual spatial working memory is a domain general factor that discriminates
between the three ability groups, that number sense discriminates between MLD and TD children and that
creativity discriminates between TD and MG children. This study confirms the hypothesis that creativity plays a
significant role in mathematics.
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